The kinetics of gas-liquid methoxycarbonylation of ethylene using 0.0013 mol/L Pd(d t bpx)(dba) homogeneous catalyst at 100 o C and 10 bar were studied in a continuous flow Hastelloy capillary microreactor of 1 mm internal diameter.
Introduction
Methyl methacrylate (MMA) is one of the world's most important intermediates produced annually on a multi-million tonne scale and represents an essential component for acrylic-based products, such as resins and adhesives [1] . MMA is mainly produced via the acetone cyanhydrin (ACH) route, which requires careful management of large quantities of extremely toxic hydrogen cyanide and generates large amounts of acidic ammonium bisulphate waste, which has to be recovered by incineration at considerable cost. Recently, greener and more sustainable routes to MMA production have been developed [2] for minimising the impact of waste management on process economy. Among these routes, the Alpha Process for the production of MMA, recently developed by Lucite International, represents a greener route, involving no by-products and milder operating conditions and having ~40% less production costs compared to the ACH route [3] .
Two reaction stages are involved in the Alpha Process: The study of the aforementioned reaction stages through the development of reliable kinetic models is essential for process optimisation and design purposes. Flow systems represent an ideal environment for kinetic studies, as data can be obtained faster and with more precision than in batch systems [4] . Flow capillary microreactors in particular have proven to be a powerful tool for studying kinetics in flow in multiphase systems [5] [6] due to the high mass and heat transfer rates they provide, enabling the study of reactions that previously were difficult to investigate in conventional reactors. Furthermore, the use of microreactors is more cost effective compared to conventional reactors, and the amount of catalyst required is lower due to the small dimensions of the system [7] .
The goal of the current work is the investigation of the reaction kinetics of the first stage of the Alpha Process, for the synthesis of methyl propionate (MeP) from ethylene, carbon monoxide and methanol over a homogenous Pd catalyst in a flow capillary microreactor. A two-step procedure was utilised. In the first step, the catalytic reaction was studied at the temperature and pressure typically used in industry (100 o C, 10 bara) in a reactor system designed based on hydrodynamic studies that ensured favourable dispersion and mass transfer characteristics, allowing a discrimination between candidate kinetic models. In the second step, a onedimensional tubular reactor model was developed using the gPROMS modelling platform [8] and was employed to select the most informative experimental data for the precise estimation of kinetic parameters according to a ranking of experiments approach [9] . In this second step, a wider range of reactants concentration was investigated in the experiments. The procedure guaranteed a statistical significance in parameter estimation and the accurate description of the experimental system behaviour under industrial operating conditions.
Experimental apparatus and procedure
The kinetic experiments were performed at 100 o C, 10 bara. In Fig.1 the schematic for the set-up used is shown. Flowrates of ethylene, carbon monoxide and helium were controlled by three mass flow controllers (Brooks 5850), while liquid flowrate was controlled by a high pressure syringe pump (KdS) and an 8 ml stainless steel syringe. long Hastelloy capillary with 1.75mm inner diameter and 3.175mm outer diameter.
After the pre-treatment section, carbon monoxide was introduced via a T-junction and the gas-liquid mixture entered the reactor at 100 o C where the reaction begun. The reactor was a 6m long Hastelloy capillary with 1mm inner diameter and 1.587mm outer diameter, providing an inert internal surface. Both capillaries for pre-treatment and reaction were inside an oil bath with a stirrer, placed on a hot plate to ensure uniform temperature. After the reactor, the gas-liquid mixture entered a gravity-based separator made of stainless steel. The liquid exited from the bottom of the separator, where a metering valve helped to achieve controlled liquid sampling, while minimising pressure disturbance in the reactor. The pressure was monitored by means of a pressure transducer at the inlet of the reactor and kept constant at 10bara via a back pressure regulator (Brooks 5866) placed at the gas outlet after the liquid separator. The set-up was regularly checked for leaks by pressurising at 12 bar with helium.
Quantitative analysis of the gas and liquid reaction products was performed by a gas chromatograph (Agilent 7890A) using an online sampling valve and an auto-injector respectively. For the liquid analysis a mid-polar capillary column (DB-624, 30m x 320µm x 0.25m, Agilent) was used. In addition, a 2m long guard column of the same material with the main column was added before the main column to protect it from the acidic nature of the liquid samples. The liquid samples were analysed by an FID detector. For the gas analysis a polar capillary column (HP-Plot Q, Agilent) and a TCD detector were used. The experimental error for gas phase analysis was 0.5% and for liquid phase analysis was 2%.
Reactor model
Since it was not possible to measure component concentrations at the inlet and outlet of the reactor (100 o C, 10 bara), a vapour-liquid equilibrium (VLE) model was used to calculate these from the specified and measured experimental data (25 o C, 1 bara). A reactor model was developed in the gPROMS platform [8] and coupled with
Multiflash for the description of VLE in the system. The reactor model was based on the following assumptions: plug flow, steady state isothermal conditions, constant gas and liquid volumetric flowrates. For each component the following mass balances in the liquid and the gas phase were considered: 
where Sh is the Sherwood number, Re g and Re l are Reynolds numbers for the gas and liquid phase respectively, Sc is the Schmidt number, d H is the hydraulic diameter (m).
The liquid volume fraction value, ε l was determined through residence time distribution experiments described in Section 4. The values of the gas-liquid equilibrium constants i K were calculated by using the following equations: 
Hydrodynamic study
Residence time distribution (RTD) experiments were performed under conditions similar to the reaction experiments (CO:C 2 H 4 = 1:9, 30%wt MeOH:MeP, 100°C, 10bara) by monitoring a step change in the concentration of the liquid solution to pure methanol (using a 6-port valve) in the outlet of the Hastelloy reactor using an IR optical sensor. The set-up used for the RTD experiments has been previously described in detail by Cantu-Perez et al. [12] . A gas:liquid ratio of 20 was used (close to the one realized in reaction experiments), where the set gas and liquid flow rates 
Formulation of candidate kinetic models
In terms of reaction mechanism, there are two potential routes to methyl propionate
• Hydride cycle (A): the cycle starts with insertion of ethylene in the palladium hydride bond forming an alkyl complex. Then, insertion of carbon monoxide is followed to produce an acyl complex. Last step is addition of methanol that produces methyl propionate and regenerates the palladium hydride.
• Methoxycarbonyl cycle (B): starts with insertion of carbon monoxide in the palladium methoxy bond. Then, ethylene is added in the Pd-carbon bond of the alkoxycarbonyl-palladium complex. The final step is the addition of methanol that produces methyl propionate and generates the initial alkoxy palladium complex.
Clegg et al. [14] and Eastham et al [15] showed that the palladium catalysed methoxycarbonylation of ethylene follows the hydride cycle (A) which represents the predominant route to MeP formation. The Pd-hydride reacts with ethylene to form the
The alkyl complex then reacts with carbon
. These two steps are believed to be at equilibrium. The acyl complex is very reactive and undergoes methanol nucleophilic addition to yield the product and regenerate the Pd-hydride complex. Eastham et al [15] provided more details for the hydride mechanism ( Figure   2b ) using palladium complexes of unidentate phosphines (e.g. P = PPh 3 ) in methanol in the presence of methanesulfonic acid. Each step in the hydride sequence starts with a 16 electron palladium species followed by co-ordination of one of the components ethylene, CO or methanol to give a more stable 18 electron palladium species and then subsequent reaction with the other co-ordinated species.
The formulation of kinetic models depends on which reaction step is considered as the rate determining step in the proposed reaction mechanism (i.e the methanolysis step, the addition of ethylene or the addition of carbon monoxide). Three kinetic models, reported in Table 1 , have been developed and preliminarily examined with respect to how well they explain the experimental observations of the system.
The main assumptions for these models are the following: a) The Pd-Hydride cycle (A in Fig. 4) is the predominant cycle, b) The reverse reaction of the MeP decomposition resulting in the formation of CO, C 2 H 4 and MeOH is negligible, c)
Quasi-steady-state approximation for the unstable catalytic intermediates: this will assume that the intermediate complexes formed are very reactive and they never accumulate to considerable amounts compared to the concentrations of the main reactants (i.e. carbon monoxide, ethylene and methanol).
For the sake of clarity the various intermediate complexes are named in the following way:
The Palladium concentration in the reaction system can be evaluated for the three proposed kinetic models from:
[ ]
where the quantities in square brackets are the concentrations of the species in (mol/ml). After rearranging the kinetic expressions of Table 1 in terms of measurable quantities the following reaction rate equations can be written for the three candidate models:
Kinetic experiments and preliminary model discrimination
In order to study the reaction kinetics and discriminate among competitive kinetic models, N = 41 one-factor-at-a-time (OFAT) experiments were carried out to study the impact of reactants concentration on observed turnover frequency (TOF).
Experiments are grouped in the following way:
• Methanol (MeOH) series: 13 experiments with molar flowrate ranging from 40 to 115 µmol/min (22-90%wt MeOH:MeP). CO partial pressure was kept constant at 1 bara, C 2 H 4 partial pressure was kept constant at 9 bara.
• Carbon monoxide (CO) series: 16 experiments with molar flowrate ranging from 0.03 to 0.24 µmol/min (CO partial pressure 0.5-4 bara). C 2 H 4 partial pressure was kept constant at 5 bara, while the liquid feed was fixed at 30%wt MeOH:MeP.
• Ethylene (C 2 H 4 ) series: 12 experiments with molar flowrate ranging from 0.32 to 2.15 µmol/min (C 2 H 4 partial pressure 2.3-8.3 bara). CO partial pressure was kept constant at 1 bara, while the liquid feed was fixed at 30%wt MeOH:MeP.
All the experiments were carried out at T = 100 o C and P = 10 atm. Turnover frequency is defined as moles of MeP produced over moles of Pd over time.
Experimental results are shown in Fig. 3 . In Fig.3a the effect of CO on TOF is shown.
CO has a positive effect on reaction rate. The order of reaction with respect to carbon monoxide is ca. 0.5 under the investigated conditions. This positive effect of CO has been observed in previous studies of alkene hydroformylation in a bubble column [16] .
However, other studies showed that this dependence has a maximum, after which carbon monoxide inhibits the hydroformylation reaction due to catalyst poisoning [17] .
This behaviour was not observed in our case, possibly because of the high concentration of the catalyst used. In Fig. 3b the C 2 H 4 effect on TOF is shown. The observed order for ethylene concentration is zero, showing negligible effect of ethylene on reaction rate. In Fig. 3c the effect of methanol on TOF is shown for a fixed gas inlet stream of 10%v/v CO:C 2 H 4 . A positive effect of methanol on reaction rate is shown with an observed order of about one. According to these experimental observations the only model which is compatible with the observed kinetics is Model 3 (whose reaction rate is given by Eq. 11). In fact, it can be observed that:
• 
and the model becomes zero-order with respect to methanol. If
and the increase on concentration of CO, methanol and ethylene should have a positive effect on reaction rate (first order dependency). Both cases contradict experimental observations.
• According to Model 2 (Eq. 10), a positive effect of ethylene on reaction rate is expected, which contradicts experimental observations.
• According to Model 3 (Eq. 11), ethylene can have no effect on the observed reaction rate, while methanol should have a positive effect, both consistent with experimental observations.
Model 3, where methanolysis represents the rate limiting step, is consistent with the experimental observations, being 0.5-order with respect to carbon monoxide, first order with respect to methanol and zero order with respect to ethylene. Hence, only Model 3 has been utilised in the reactor model.
Discussion on observed kinetics and hydride mechanism
According to the hydride mechanism proposed by Eastham and collegues [15] (Figure   2b ), if methanol addition represents the rate determining step, it is either the coordination of methanol or its subsequent reaction with the acyl species and elimination of methyl propionate that is rate limited. It seems more likely that the rates of co-ordination that are rate limiting rather than their subsequent intra molecular reaction, as this would involve a bi-molecular reaction mechanism. There can be two possible explanations why nucleophilic reaction with methanol may be slower:
1. Methanol activity: methanol will tend to be hydrogen bonded to more methanol and will be at least partially protonated by the strong acid present. Protonated methanol molecules will be repelled by the charge on the complex and hydrogen bonded methanol molecules will have one of their oxygen lone pairs tied up and will also behave as a loose cluster.
2. Steric effect: the large phosphine ligand molecules attached to the complex restrict access to the Palladium (this can be used to explain why no further addition of ethylene and CO is observed to form oligomers rather than just forming MeP selectively). In this context, there may only be sufficient space around the Palladium for completely free methanol molecules to access it (the oxygen lone pair has to co-ordinate to the Palladium). So whilst the concentration of methanol is high, the availability of free methanol molecules capable of coordinating may be lower and hence the reaction is slower to occur.
Sensitivity analysis and parameter estimation
Based on the model described by Eqs 1-5 and the kinetic model given by Eq. 11, a preliminary estimation of kinetic parameters was performed. A sensitivity analysis was carried out on the parametric system (K 1 , K 2 , k 3 ) to verify the impact of parameter variation on the measured responses. A drawback of the kinetic model represented by Eq. 11 is that kinetic parameters K 1 and K 2 are practically not identifiable from experimental observations. In particular, as it can be seen from Fig. 4 (black bars in the graph), the sensitivity to MeP flowrate to these parameters is nearly zero at the conditions of the standard experiment (10%v/v CO:C 2 H 4 , 30%wt MeOH:MeP, 100 o C, 10 bara). This poses severe model identifiability issues, hindering the estimation of the kinetic parameters in a statistically satisfactory way [18] .
In order to improve the estimability of kinetic parameters, a model reparameterisation was applied to Eq. 11, which was reformulated as
by introducing the following equations
In Eqs 15-17 A n , B n and C n are normalisation factors introduced to avoid numerical issues due to the small numbers involved in the simulation (A n = 10 
should be higher than t ref , a tabulated reference t-value given by a Student tdistribution with (N -N θ ) degrees of freedom. In Eq. 18 i θ is the estimated value and σ θ is the estimated standard deviation of the i-th parameter obtained from maximum likelihood [19] . In order to assess the fitting performance, the chi-square statistics 
Information analysis and ranking of experiments
In order to improve the precision on the estimation of parameter θ 1 , an information analysis was carried out to quantify the relative amount of information which can be were discarded from the model identification study 1 . Furthermore, by analysing the contribution of each measured response in terms of RFI (Figure 5b ) 1 The value of the threshold δ has been chosen because the repetition of 41 experiments with this value of information would generate an average t-value of 0.01 on the model parameters, which is totally unsatisfactory for the purpose of parameter estimation.
it is evident that only MeOH and MeP measurements provide valuable information for the estimation of kinetic parameters, whilst the inclusion of CO and C 2 H 4 measurements give a negligible increment to the overall information H (they only represent 0.08% of the overall information).
In Fig. 6 the experiments are ordered by information content (RFI calculated from Eq. (Table 3 ) it can be observed that the best operating conditions for the estimation of kinetic parameters are realised at low ethylene concentration and high CO concentration at moderate MeOH concentration.
Estimation of kinetic model parameters
The application of the selection algorithm based on ranking of reaction experiments decreased the overall number from N exp = 41 to N exp = 28 informative experiments.
However, the impact of discarding 13 non-informative experiments on model validation is relevant. Parameter estimation results are shown in Table 4 Table 5 [ 
Kinetic model

